The tropism of human immunodeficiency virus (HIV) for macrophages (m~b) is a well recognized phenomenon, but the range and distribution of m~b-tropic phenotypes have not been defined by quantitative means. This study uses a PCR-based infectivity assay to derive an index of m~ tropism for several common strains of HIV. The results show that m~b tropism varies over about six orders of magnitude and that the most m~b-tropic strains have a higher infectivity for m~b than for peripheral blood lymphocytes. Strains were distributed throughout this range, suggesting that m~b tropism is a continuously variable phenotypic property. Although the degree of tropism was strongly influenced by the mode of isolation and propagation of virus strains, there was no evidence for the existence of distinct m~b-tropic or non-m~b-tropic phenotypes. Finally, the tropism of two selected strains was found to be determined by an early step in replication, probably virus entry.
Introduction
The phenotype of human immunodeficiency virus (HIV) is heterogeneous. Different strains vary in infectivity for primary macrophages (m~), rate of replication and syncytium-forming capacity and the evolution of these properties probably influences the pathogenesis of HIV infection (Asjo et al., 1986; Fenyo et al., 1988; Collman et al., 1989; Tersmette et al., 1989; Schuitemaker et al., 1991) . Recent evidence suggests that m~b tropism is a fundamental property of HIV, since m~b-tropic strains of HIV are detectable in the peripheral blood at all stages of disease (Gendelman et al., , 1990 Massari et al., 1990; Schuitemaker et al., 1991) and viruses isolated from tissue sites appear to possess higher m~b tropism than those from the peripheral blood (Gartner et al., 1986; Koyanagi et al., 1987; Cheng-Mayer et al., 1989; Gendelman et al., 1990; Schuitemaker et al., 1992) . However, the relationship between m~b tropism in vitro and the pathogenesis of HIV infection remains unclear.
Although the genetic basis of m~b tropism has been studied in detail Liu et al., 1990; O'Brien et al., 1990; Chesebro et al., 1991 ; Hwang et al., 1991 ; Shioda et al., 1991 ; Westervelt et al., 1991) , the m~b-tropic phenotype remains loosely defined. Isolates have previously been designated as m~b-tropic by measuring reverse transcriptase activity or p24 antigen in an infected culture over 1 to 2 weeks, during which multiple rounds of viral replication occur and variants may be selected (Koyanagi et al., 1987; Collman et al., 1989; Schuitemaker et al., 1991) . This allows only broad differences in tropism to be discerned so that the m~b tropism of different isolates cannot be compared in a quantitative manner. The range and maximum degree of m~b tropism have not been defined; although some virus strains have very high m~b tropism (Gartner et al., 1986; Gendelman et al., 1988) , it is unclear whether these isolates have higher infectivity for m~b than for primary lymphocytes (which are permissive to all isolates). In addition, it is not known whether m~b tropism is a discrete property of certain virus strains or a more continuous variable. Some authors have suggested that HIV isolates may be divided into two distinct phenotypes, T-tropic (grown in T cell lines and primary lymphocytes) or m~b-tropic (grown in primary m~b and primary lymphocytes) (Cheng-Mayer et al., 1989; Gendelman et al., 1990) , but this has not been tested using a quantitative comparison of different isolates.
These questions were approached by deriving an index of m~b tropism from the infectivity of an isolate for primary m~b and lymphocytes, measured by a PCR-based endpoint dilution assay. Comparison of the indices of different HIV strains revealed the range and distribution of m~b tropism. Previous reports have indicated that HIV tropism is determined early in infection, probably at virus entry (Cann et al., 1990; O'Brien et al., 1990) . Two strains, one with a high index and the other with a low index of m~b tropism, were tested for their ability to enter m~b and initiate reverse transcription; this showed that m~b tropism is determined by the efficiency of early steps in infection.
Methods
Viruses. HIV strains were obtained through the AIDS Research and Reference Reagent Program, NIAID, NIH, Bethesda, Md., U.S.A. from R. Gallo (IIIB and RF), G. Shaw and B. Hahn (MN) , I. S. Y. Chen (JR-CSF and JR-FL), J. A. Levy (SF162) , S. Gartner, M. Popovic and R. Gallo (Ba-L), and H. Gendelman (Ada). They were propagated in phytohaemagglutinin-(PHA)-stimulated lympboblasts, except for IIIB, MN and RF, which were passaged in C8166 lymphoid cells (Salahuddin et al., 1983) . Virus stocks were filtered and treated with DNase I (Boehringer Mannheim) in the presence of 5 mM-MgCI, for 30 min at room temperature to remove contaminating viral DNA. Although some D N A is resistant to DNase treatment, most strains had an infectivity endpoint beyond the limit of detection of this DNA and it was not necessary to include inactivated virus controls. More care was required for virus strains with very low tropism for m4, for which parallel dilutions of heat-inactivated virus were included.
Peripheral blood lymphocytes (PBLs). PBLs, obtained from the nonadherent fraction of mononuclear cells exposed to gelatin in the presence of 5 % pooled human serum were stimulated with 1 gg/ml PHA (Wellcome Diagnostics) in RPMI (Gibco BRL), containing 20 % fetal calf serum (FCS) (Sigma) for 72 h. They were removed from PHAcontaining medium and transferred to RPMI containing 20 % FCS and 10 % interleukin-2 (Pharmacia LKB) for infectivity assays performed in 96-well plates. After two rounds of subculture at 1:3, cells were harvested for PCR (usually between days 6 and 9). When assays were continued, cells were subcultured during the first harvest and once again, before final readings were taken at 14 days.
Maerophages. Primary m~b were purified from mononuclear cells obtained by centrifugation of buffy coats over Ficoll (Pharmacia LKB). Mononuclear cells were adhered to gelatin-coated tissue culture plastic in the presence of 5 % pooled human serum, non-adherent cells were removed after 1 h and monocytes detached spontaneously over 48 to 60 h after isolation; they were approximately 95 % pure as determined by flow cytometry. Monocytes were transferred to 96-well plates at a density of 105 per well and maintained until differentiation had occurred (usually 4 to 6 days), in RPMI with 10% human serum. Infectivity assays were usually maintained for 14 days before preparing DNA for PCR.
Titration of infectivity. Assays were performed using threefold dilutions of virus strains with six replicate wells at each dilution. Infectious titre was calculated from the dilution at which half the wells became positive for virus replication (TCID~0); when this fell between two dilution steps, an empirical method was used to estimate the fractional dilution (Reed & Muench, 1938) .
Preparation of DNA and PCR. Cell lysates were prepared essentially as described (Collin et al., 1991) with the following modifications to accommodate cultures in 96-well plates. Briefly, PBLs were transferred from the wells of the assay plate to a V-well microtitre plate and centrifuged, the supernatant was then removed and lysis buffer was added. M~b were lysed in situ after removal of the culture medium. The lysis buffer consisted of 100mM-KC1, 20mM-Tri~HC1 pHS.4, 500 pg/ml proteinase K and 0.2 % NP40. Plates were incubated for 2 to 3 h in a 60 °C water bath, lysates from each well were then transferred to individual 0"6 ml tubes, heated to 95 °C for 15 min and finally stored at -2 0 °C. PCR was performed as described (Collin et al., 1991) , using oligonucleotide primers with the sequences of HIV long terminal region (LTR) U3 (sense) CACACAAGGCTACTTCCCTGA and HIV LTR U5 (antisense) GATCTCTAGTTACCAGAGTCAC. Products were resolved on 2 % agarose gels loaded six times to produce a pattern of PCR bands corresponding in position to the wells of the assay plate.
Each row of samples was loaded sequentially from the bottom row upwards. Two-hundred ml gels were prerun for 10 min, loaded at 12 to 14 min intervals, then run for 40 min (150 V and 130 mA). p24 ELISA. A p24 antigen-determining ELISA was performed as described previously (Moore et al., 1990; Simon et aL, 1993) . With an overnight capture step, the range of detection was 0.3 to t00 ng/ml. Results were considered negative when the absorbance was less than twice the negative control (RPMI with 10% FCS).
PCR entry assay. Entry assays were performed as described previously . H9 cells were maintained in RPMI with 10 % FCS. Four million cells were exposed to virus at a multiplicity of 0.01 for 90min at 37 °C, washed once in PBS, then added back to culture medium. At each time point, 2 x 10 ~ cells were removed and a lysate prepared, as described above. Time zero was taken as the point at which virus and cells were first mixed. Primary m~b were infected 3 days after isolation. Four million cells in suspension were mixed with virus at a multiplicity of 0"01 and immediately transferred to microtitre wells (2 × 105 cells per well). After 90 min incubation, the medium was changed and the culture continued. At each time point, the medium from one well was replaced with lysis buffer and incubation continued at 37 °C. When all wells had been used, the plate was transferred to a 60 °C water bath and lysates were prepared as described above. Time zero was taken as the point at which virus and cells were first mixed, and a sample was prepared by lysing the cells in suspension. PCR was then performed as described above to detect new reverse transcripts, indicating successful virus entry. 
Results

Reading infectivity assays by PCR
Infectivity assays were performed with eight virus dilutions each inoculated into six replicate cultures. Virus replication was detected by amplification with H I V L T R oligonucleotide primers as described in Methods. P C R products were visualized on gels loaded multiple Dilution (a) 3-1 3-2 33 3 4 3-5 3-6 37 3-8 . Titration of HIV infectivity on PBLs. PBLs were exposed to threefold dilutions of JR-FL, maintained for 7 days with two subculture steps at 1 : 3, then read by PCR (a). After a further 7 days, during which cells were subcultured twice at a 1 : 3 dilution, a second PCR reading was taken (b) and the supernatants analysed by ELISA (c) (blank spaces indicate negative results). ) . Amplification with flglobin primers produced equal intensity signals from all wells, confirming the uniformity o f D N A preparation (results not shown).
In initial experiments, infectivity assays were read in parallel by E L I S A detection o f the p24 antigen in the supernatant. Typical results are shown in Fig. 1 and 2 . In both cases the E L I S A result is identical to the P C R reading, demonstrating that P C R detected productively infected cultures and provided an accurate reading of the endpoint. In titrations using PBLs, the endpoint was further verified by performing a second P C R reading at a later time to demonstrate an invariant pattern o f positive wells (Fig. 2) . Using PCR, it was possible to read P B L infectivity assays after 6 to 9 days and me) infectivity assays after 14 days. isolates. An index of m~ tropism was calculated for each isolate using the mean of several infectivity measurements on m~b and PBLs (see Table 1 ). The index is defined as the ratio of infectivity on m~b to infectivity on PBLs. Symbols on the graph indicate the type of cell used to isolate and propagate each virus strain: O, T cell line; &, PBLs; II, primary m~b.
Measurement of the me) tropism of different strains
donors, as there was variation between donors (when m~b and PBLs derived from the same donor were used, variation in one did not correlate with variation in the other). The results obtained are summarized in Table 1 . An index of m~ tropism, the ratio of infectivity for m~b to infectivity for PBLs, was determined for each strain and plotted on a logarithmic scale (Fig. 3) . No evidence of infection in m~b was found for the IIIB and MN strains; their indices of m~b tropism therefore represent the maximum values possible and are determined by the infectivity of the virus stock for PBLs.
Tropism is determined at virus entry
Two virus strains, IIIB and Ba-L, were selected for further study. Ba-L is highly m~b-tropic but is unable to infect H9, a continuous T cell line. However IIIB has no infectivity for m~b but replicates to high levels in H9 cells. These viruses therefore have reciprocal tropisms for primary m~b and continuous T cell lines. The infectivity of each strain was determined on the cell type permissive to it and both m~b and H9 cells were exposed to virus at a multiplicity of 0"01. In H9 cells, IIIB but not Ba-L was able to enter and form provirus (Fig. 4 a) , whereas in m~b, proviral DNA was formed only with Ba-L (Fig. 4b) .
These results, obtained within a single cycle of infection, imply that the tropism of both strains is determined at an early stage in infection, before the start of reverse transcription. Strains MN and RF, which are poorly m~btropic, also failed to form provirus in m~b (not shown); this suggests that a common mechanism, probably involving virus entry, is responsible for determining the m~b tropism of different strains.
Discussion
This report is the first to define HIV m~b tropism in quantitative terms and provides an estimation of the range and distribution of m~b-tropic phenotypes. M~ tropism varies over about six orders of magnitude and strains with the highest m~b tropism have greater infectivity for m~b than for PBLs, whereas the least tropic have immeasurably low infectivity in m~b. Viruses are distributed throughout this range, suggesting that m~b tropism is a continuously variable property. This study used established strains of HIV which have been passaged many times in vitro and therefore exposed to strong selective pressures; although this is potentially confounding, some conclusions may be drawn. It is possible that passage in vitro has magnified the apparent range ofm~b tropism by selecting for extreme phenotypes, but recent infectivity measurements in m~b of a panel of biologically cloned primary isolates have shown a similarly wide distribution (Schuitemaker et al., 1992) .
The distribution of viruses throughout the range of m~b tropism is strongly influenced by the cell type used to isolate and passage the virus. In this way, Ada and Ba-L, which were originally isolated and passaged in m~b cultures (Gartner et al., 1986; Gendelman et al., 1988) , demonstrate higher m~b tropism than viruses isolated by cocultivation with lymphoblasts; finally strains passaged in continuous T cell lines show the lowest m~b tropism, as expected from previous multiple-step growth assays of viral phenotype (Gartner et al., 1986; Cheng-Mayer et al., 1989; Collman et al., 1989; Schuitemaker et al., 1991) . However, this quantitative analysis of tropism suggests that the division of virus strains into distinct m~b-tropic and T-tropic species or subtypes, as proposed by some authors (Cheng-Mayer et al., 1989; Gendelman et al., 1990) , is too simplistic. Ada and Ba-L have higher infectivity for m~b than for PBLs, but have previously been included with other strains showing much lower m~b tropism such as JR-FL and SF162, for which primary lymphoblasts are the most permissive host cells. In addition viruses passaged in T cell lines may also display a low degree of m~b tropism as indicated by strain RF. Although passage in vitro exerts strong selective pressures, known to narrow the range of genotypes propagated (Meyerhans et al., 1989; Kusumi et al., 1992) , there is considerable variation between viruses isolated in the same manner, resulting in a distribution of strains throughout the range ofm~b tropism. We interpret this to mean that the m~b-tropic phenotype is more likely to be a continuous variable than a discrete property, which is perhaps not surprising in view of the extensive genetic variability underlying the determination of tropism Liu et al., 1990; O'Brien et al., 1990; Chesebro et al., 1991; Hwang et al., 1991; Shioda et al., 1991 ; Westervelt et al., 1991) . High infectivity in m~b has been shown to correlate with slow replication and lack of syncytium-forming capacity in PBLs (Schuitemaker et al., 1991) . These properties are also strongly influenced by the sequence of env (de Jong et al., 1992; Grimaila et al., 1992) and they might share a similar wide distribution in parallel with the expression of m~b tropism. In favour of this, widely varying rates of replication have been described (Fenyo et al., 1988; Tersmette et al., 1989) , but cytopathicity is usually scored as either present (syncytium-inducing) or absent (non-syncytium-inducing) (Tersmette et al., 1989; Schuitemaker et al., 1991) . Although the latter implies the existence of two distinct phenotypes of HIV, this is not necessarily the case as cytopathicity is a complex trait that is difficult to quantify.
Infectivity was measured using an endpoint assay read by PCR, which has a number of advantages over ELISA. PBL infectivity assays were read after 6 to 9 days with any strain of HIV, whereas ELISA requires a 9 day incubation even with the most rapidly replicating laboratory isolates (McDougal et al., 1985) . In assays performed with m~b, PCR produced comparatively stronger signals than ELISA, probably due to the low release of HIV virions by these cells Orenstein et al., 1988) , and also to the tendency of HIV to accumulate unintegrated viral DNA in high copy number (Shaw et al., 1984; Pang et al., 1990) . In addition, PCR was particularly useful with strains poorly tropic for m~, as the detection of viral D N A allowed infectious virions to be distinguished from the bulk of the viral inoculum adsorbed to the cells; using ELISA, it is more difficult to ascertain low levels of replication following a large inoculum. Finally, unlike most p24 antigen-determining ELISAs, particularly the in-house assay used here, PCR with conserved primers was equally sensitive to all strains of HIV. PCR infectivity assays have many applications and their utility is further enhanced by using PCR machines fitted with a 96-well heating block.
The role of early steps in infection in determining tropism was investigated using two strains with reciprocal tropism for m~ and H9 cells. In both cell types, lack of infectivity correlated with failure to form viral DNA. This extends the results of previous studies on T cell lines and m~ (Cannet al., 1990; O'Brien et al., 1990) and suggests that the efficiency of early steps in infection is a common determinant of HIV tropism for a variety of cell types. This might be further tested using a quantitative PCR assay to measure the amount of provirus formed by a spectrum of isolates to determine whether the formation of early reverse transcripts correlates with the degree of m~ tropism; at present only virus strains representing the extremes of m~ tropism have been tested.
Events during virus entry are probably responsible for determining tropism between lymphocytes and m# However it is not possible to exclude formally the selective initiation of reverse transcription in different cell types, although this seems unlikely given the simple biochemical requirements of endogenous reverse transcription reactions in vitro. The role of entry is favoured by genetic studies in which the determinants of tropism map to the env region Liu et al., 1990; O'Brien et al., 1990; Chesebro et al., 1991; Hwang et al., 1991 ; Shioda et al., 1991 ; Westervelt et al., 1991) , although alterations in the structure of the envelope glycoproteins might conceivably influence the assembly of virions at late stages of replication. The precise stage at which tropism is determined is undefined but generally perceived to be a post-binding event, given that all isolates have in common a high affinity for CD4 (Brighty et al., 1991; Ivey-Hoyle et al., 1991; Moore et al., 1992) . Fusion of the viral and cellular membranes is a candidate step, although a recent study using fluorescence dequenching suggests that tropism is determined by a post-fusion event (Potash et al., 1992) . Other studies have found regions outside env that influence replication in m4, suggesting that entry may not be the sole determinant of tropism (Hattori et al., 1990; Westervelt et al., 1992) . The precise resolution of which viral functions are modified by the type of host cell will depend on more accurate measurements of infectivity and productivity in HIV infection. Similar data, using primary isolates, are required to clarify the role of m4 tropism in pathogenesis. As a step towards these goals, we have used infectivity measurements to define HIV m~ tropism in quantitative terms and have suggested that it is a continuously variable phenotypic property.
